PLANT DOMESTICATION
Is the domestication bottleneck a myth?
Genome sequences from archaeological sorghum plants raise questions about our understanding of plant domestication.
Terence A. Brown C harles Darwin wrote that "botanists have generally neglected cultivated varieties, as beneath their notice" 1 . A century and a half later, this view has completely changed. Prompted by Darwin's interpretation of domestication as one of the keys to understanding the role of selection in evolution, biologists have made increasingly detailed comparisons between the morphological, physiological and, more recently, genetic features of crop plants and their wild progenitors, in order to understand the evolutionary events that occurred during domestication. In this issue of Nature Plants, Smith et al. introduce a new approach -using ancient DNA sequencing to follow the changes occurring over the last 1,800 years in the genomes of sorghum plants from a single archaeological site 2 . The results challenge one of our basic assumptions regarding domestication.
Although plants have been studied since the earliest days of ancient DNA research 3 , DNA sequencing of archaeobotanical material has rarely achieved the high profile of equivalent work with human skeletons. Plant remains are abundant in the archaeological record, but most of these are 'charred' macrofossils such as seeds and chaff, which have been partially carbonized by exposure to heat and rarely contain preserved DNA 4 . Opportunities for DNA sequencing are therefore limited to less common material (in particular, desiccated remains), which sometimes contain wellpreserved biomolecules 5 but, being limited to hot and/or dry environments, are only found at a few locations around the world. A notable example is Qasr Ibrim, a fortified city on a hilltop adjacent to the Nile (Fig. 1) , which was founded around 2000 bc and was an important settlement until its eventual abandonment in 1812 ad. In an area where it almost never rains, irrigation from the Nile supported the cultivation of cereals such as wheat, barley and sorghum, many examples of which have been recovered by archaeological excavation (Fig. 2) .
Wild sorghum was grown at Qasr Ibrim from about 800 bc, with domesticated varieties not appearing until the first or second century bc, which were probably introduced from the Eastern Sudan 6 . The initial domesticates were the bicolor variety, which has tightly hulled grains that require milling or pounding to release the seeds, but at around 500 ad, these were supplemented with race durra, whose grains are released simply by threshing and also has greater drought resistance. Smith et al. obtained genome sequences from a wild sorghum dated to 255 ad as well as nine domesticates -three examples of bicolor, three durra and three intermediate types, spanning the second to sixteenth centuries ad.
Examination of the sequences revealed changing patterns of selection for genes involved in phenotypes such as sugar metabolism and disease resistance, as well as periods when hybridization between varieties resulted in the transfer of valuable alleles from one type of sorghum to another. The roles of selection and hybridization in crop evolution are well known, so these results were not unexpected. The surprise came when the sequences were used to infer how the genetic diversity of sorghum had changed over time. The expectation is that the diversity of a crop will be significantly less than that of its wild progenitor, because of the 'domestication bottleneck' that occurs when a few plants are taken from the wild to establish the first cultivated population. These plants represent only a fraction of the wild population, so there is a sudden decrease in diversity (Fig. 3) . Analysis of the archaeological genomes failed to match this expectation. The authors were unable to find evidence for a domestication bottleneck, and instead conclude that the diversity of domesticated sorghum has undergone a gradual, linear decline over time.
The authors also show that this gradual decline in genetic diversity was accompanied by accumulation of potentially deleterious alleles, agreeing with theoretical predictions of the reduced efficiency of negative selection . The resulting increase in 'mutation load' will lead to a population becoming less fit in the Darwinian sense, which could affect the productivity of a crop, as recently highlighted with maize 8 . At Qasr Ibrim, the impact of mutation load appears to have been ameliorated by occasional hybridization between different sorghum varieties, resulting in a temporary increase in their genetic diversity and an opportunity for disadvantageous mutations to be lost. If mutation load is unchecked, crop fitness could conceivably decline to the point where an agricultural economy becomes unsustainable. Sudden crises in agricultural cultures have been charted in the archaeological record, the late Bronze Age collapse of Mediterranean societies during the twelfth century bc and the Mayan collapse between 800-1200 ad being just two examples. These events are often ascribed to cataclysms such as environmental change, disease or conflict. To these we must add the more prosaic possibility that the crops simply failed.
For too long, domestication has been viewed as an 'event' -the rapid transformation of a wild species into a crop. Archaeological, ecological and genetic studies are now revealing that for many crops, this 'event' was preceded by hundreds or thousands of years during which humans manipulated wild stands of plants to improve their food sources, and was followed by additional millennia during which selection continued to improve the crop 9 . If there was no bottleneck, then the domestication 'event' is laid bare as simply the period when the most visible phenotypic features of the domesticated version of the species became fixed. At last, we can focus on the more realistic, and interesting, view of domestication as a long-running and uninterrupted interaction between humans and their crop plants, beginning over 10,000 years ago and continuing unabated to the present day. ❐ 
